D r a f t Introduction
Land-based efforts to conserve threatened species and their critical habitat rely heavily on habitat use models to inform management of habitat and populations (Camaclang et al. 2014) . The predictive performance of habitat use models depends primarily on the goals and on the data selected to develop the model (Guisan and Zimmermann 2000) . In many cases, models are derived from data collected in a limited portion of the target species' range, and then broadly applied without first assessing potential spatial variation in the species' habitat use (Fielding and Haworth 1995; Laughlin et al. 2013) . Furthermore, many published habitat use models have only considered covariates pertaining to vegetation structure and composition although several abiotic factors (e.g., topography, climate, site bio-chemistry, historical use) are increasingly documented as being important to the definition of avian habitat (Fielding and Haworth 1995; Tilgar et al. 1999; Tilgar et al. 200; , Norris et al. 2003; Seoane et al. 2004; Nocera and Forbes 2010; McFarland et al. 2013 ).
Conspecific and heterospecific densities sometimes are important habitat attributes (Greene and Stamps 2001, Forsman et al. 2008; Nocera and Forbes 2010) through either conspecific and interspecific competition (Petit and Petit 1996; Confer et al. 2003) or attraction (Slagsvold 1980; Reed and Dobson 1993; Mönkkönen and Forsman 2002; Bourque and Desrochers 2006) . Failure to consider key factors in habitat use models can lead to inadequate identification of critical habitat and erroneous conclusions about a species' ecological needs and, thus, misguided conservation investments and land-use planning decisions (Camaclang et al. 2014 ).
D r a f t 5
In Northeastern North America, five species of thrushes (Catharus spp.) tend to segregate their distributions according to habitats along an elevational gradient (Able and Noon 1976; Sabo and Whittaker 1979; Noon 1981) . Amongst those is the Threatened Bicknell's thrush (Catharus bicknelli Ridgway, 1882, typically referred to as C. minimus bicknelli Ridgway before 1995; AOU 1995; COSEWIC 2009 ), the most habitat-specific thrush in United States, being confined to conifer tangles of mountain tops (sensu Dilger 1956 ) and with the most restricted range of the thrushes occurring north of Mexico. Published studies portray Bicknell's thrush mostly as a specialist of patchy, high elevation coniferous dominated forests, occurring at lower elevation only in Canada (Ouellet 1993; Gauthier and Aubry 1995; Rimmer et al. 2001; Lambert et al. 2005; Frey 2008 ) and locally in Maine (Townsend et al. 2015) . This Northeastern Bicknell's thrush potential habitat has been modeled for the Northeastern United States based on elevation, latitude, and forest type (Lambert et al. 2005) . That model performed well in that part of the species' range, where the species is mostly restricted to sub-alpine and high elevation environments. Lambert's (2005) model performs well where a natural perturbation regime dominates the landscape, but it may not perform as well north of 45°, in Maine and southeastern Canada, e.g. due to a lower spruce-fir/deciduous forest ecotone and more frequent forestry practices.
When applied to Quebec, Lambert's (2005) (Able and Noon 1976; Sabo 1980; Noon 1981; Mack and Yong 2000; Rimmer et al. 2001) .
In a previous telemetry study (Aubry et al. 2011) , we illustrated the importance of unthinned habitat for Bicknell's thrush during the breeding season. We also showed that the species use habitat edges and could incorporate thinned habitat in their home ranges. Bicknell's thrush is not a species of the forest interior; it appears to D r a f t 7 tolerate human impacts as long as high stem density stands are readily available in the landscape.
Here, we analyze geographic variation in habitat use by Bicknell's thrush, based on multi-year surveys in two regions of its Canadian range. We assessed the relative roles of habitat, topography: tree composition, silvicultural practices affecting the structure of the habitat, ground cover, and elevation and its variation at local and two spatial scales, as well as Swainson's thrush abundance, on abundance of Bicknell's thrush. We tested whether Bicknell thrush abundance is higher 1) where precommercial thinning has not occurred; 2) at higher elevations or in steeper terrain; and 3) when Swainson's thrush abundance is relatively low. We discuss how the results of this study may inform future efforts to designate and manage this threatened species' critical habitat over its entire breeding range.
Methods

Study areas
Our study was conducted in two areas approximately 150 km apart, both in the other thrush species were rarely observed (<5% of all point counts conducted) and were ignored from further analyses. In this study we use species abundance and reporting rate at point count according to the results we are presenting.
Our survey protocol was selected based on estimates of Bicknell's thrush detection probabilities derived from an occupancy model with constant probability of occupancy across all sites where Bicknell's thrushes were reported at least once (Y.A. and M. Mazerolle, in preparation). Detection probability for a given 5-min period depended on the survey technique (passive listening vs post-playback).
Detection probabilities reached 88 -96% at the end of the sampling period we used (i.e., 20 min with playback), while a sampling period of 5 or 10 min without playback yielded detection probabilities <53% and <78% respectively. Given uncertainty about the population closure of site occupancy (sensu Mackenzie et al. 2006 ) by
Bicknell's thrushes during those surveys, we interpret our estimates of detection probabilities as minima. Dettmers et al. (1999) also reported better performance of habitat models for low detectability species, like Bicknell's thrush, as count duration increases (from 3 to 20 min).
Vegetation and topography
The habitat was characterized using vegetation and topography variables, within 100 and 250 m of each point count station. Vegetation variables were tree species, ground cover, and the structure of the forest stands (Table 1) 
Statistical analysis
We used generalized linear models (GLMs) with a negative binomial error structure (Proc Genmod; SAS 2009), with point count stations as repeated-measure subjects for the Mont Gosford multi-year data set. Because Bicknell's thrush is non-territorial when breeding (Goetz et al. 2003; Aubry et al. 2011 ) and both males and females vocalize (Ball 2000; Rimmer et al. 2001) , we used the number of individuals counted as response variable. We grouped regressors into three sets: vegetation (type and structure within 100 and 250 m of point count station, and ground cover), topography (elevation at point count station and the difference between highest and lowest points within 100 and 250 m), and interspecific interactions (Swainson's thrush abundance). We designed eight models and selected amongst them using the Quasilikelihood Information Criterion (QAIC c ) (Pan 2001) for the Mont Gosford multiyear data set, and the Akaike information criterion (AIC c ) for the Massif du Sud single-year data set. In all models, year was included as a covariable to account for annual variation in the Bicknell's thrush abundance.
As detection is not perfect, our modeling approach offers limited inference regarding occupancy. However, since detection probability approached one (discussed above) we consider that raw counts were sufficient for the aims of this study. Furthermore, population closure of occupancy status, as required by occupancy models, is difficult to define in the case of Bicknell's thrush given the large D r a f t 12 home range of males (e.g., Aubry et al. 2011 ) and the complex mating system of the species (Goetz et al. 2003) .
We also ran GLMs with Bicknell's thrush reporting rates (presence or absence at a point count station) data as response variable and a binomial distribution. The best models were similar between abundance and reporting rates as response variables, with the only change being the loss of elevation at station as a significant parameter Finally, we used a principal components analysis (PCA, Proc factor procedure) (SAS 2009) to visually explore the relationships between the eleven environmental variables recorded and the co-occurrence of both thrush species and not for statistical inference purposes.
Results
Bicknell's thrush reporting rates and abundances were substantially lower than those of Swainson's thrush at both sites (Table 2 , Fig. 1) . At Mont Gosford, we observed important annual variation in Bicknell's thrush reporting rates (35-67% of stations; Table 2 ) and abundances (0.69 ± 0.11 to 1.58 ± 0.15 individuals per station; (Table 2) .
At both study areas, GLMs accounting for vegetation, topography and Swainson's thrush abundance performed best (Table 3) . None of the tree species variables turned out significant. At Mont Gosford, the proportion of stand thinned in the 1980s within 100 m was negatively associated (p<0.001) with Bicknell's thrush abundance, while elevation of point count, elevation variation within 250 m, and Swainson's thrush abundance were positively associated (p<0.001) ( Table 4) . At Massif du Sud, only two of these variables, elevation of point count and Swainson's thrush counts, were significant and positively associated with Bicknell's thrush abundance (Table 4) .
Model estimates for given variables at 100m and 250m spatial scales should be interpreted with caution, as those regressors were sometimes highly correlated with one another. However, there were no pairwise correlations greater than 0.29 between regressors belonging to different groups (vegetation, topography or Swainson's thrush). Since collinear variables were always combined or removed as groups between models, we assume that comparisons among models are reliable.
With a principal component analysis (Table 5) , we reduced the variation from all habitat covariates to two factors accounting for 58% of the total variance (33 and 25% for factor 1 and 2, respectively). The first two components were strongly associated to stand structure. The unthinned area was negatively correlated with factors 1 and 2, while the area thinned in the 1980s was positively correlated with both factors. Factor 2 was negatively correlated with the area thinned in the 1990s, and positively with elevation and its variation. Bicknell's thrushes only were mostly clustered in unthinned stands represented in the left quadrant of the ordination (Fig. 2) .
Discussion
Habitat use models
Three results from our study suggest geographical consistency in Bicknell's thrush breeding habitat relationships. (Aubry et al. 2011 ).
Overall abundance among regions
In Quebec, were most of Bicknell's thrush habitat is on crown land, precommercial thinning has been intense and wide spread since the mid 70s. This as well as other forest management activities have contributed to transform the structure and composition of the forest, and increased the difficulty of modeling Bicknell's thrush habitat. Efforts should be made to locate database with more objective data or data not formatted principally for forest and timber management.
Relationships between Bicknell's and Swainson's thrushes
We observed Bicknell's and Swainson's thrushes at all sampled elevations at both our study areas, actually co-occurring at a majority of point count stations.
Conversely, several studies reported an elevational segregation between Bicknell's and Swainson's thrushes (Able and Noon 1976; Morse 1979; Noon 1981; Dellinger et al. 2007 ) which Holmes and Sawyer (1975) related to differential adaptation to a temperature gradient. Wallace (1939) reported that the two species were "not found together" on the northeast side of Mt. Mansfield, Vermont, in the mid-1930s while they "distinctly overlapped, and nests of both in close proximity were found at less Where Bicknell's and Swainson's thrushes co-occur, agonistic interactions between the two species have been reported (Able and Noon 1976; Sabo and Whittaker 1979; Rimmer et al. 2001 ) and interpreted as evidence of competition (Sabo 1980; Noon 1981) . The positive correlation in the abundance of the two species at both our study areas should not be interpreted as evidence for or against interspecific competition, because our study was not specifically designed to assess interspecific competition (Connell 1983) . Nixon et al. (2001) did not find a correlation between the densities of the two species in New Brunswick, but this may be because of the generally low elevation range, and that the ubiquitous Swainson's thrush had saturated available habitat at their study areas. Specifically designed studies would be required to assess the occurrence of interspecific competition and, if present, whether it is mitigated through micro-habitat or niche partitioning, or behavioral strategies (Dilger 1956; Noon 1981; Dellinger et al. 2007; Laughlin et al. 2013 ).
We did not investigate niche relationships here, but niche overlap with Swainson's thrush could affect Bicknell's thrush foraging activities, nest site selection, productivity, and possibly home ranges size, although in this case, the presence of female would be more important considering male-biased ratio and limited number of female in the population. Also, if dense stands are a limiting factor, some impact on D r a f t productivity and competition between females for nesting sites could become an issue.
Our habitat models were built on a single year of data for Massif du Sud. The value of those models should lead us to caution as we may not exclude influences of regional temporal variation in abundance and possible density-dependence in habitat use. Furthermore, high quasi-bi-annual predation rate by squirrel at nest has an influence on Bicknell's thrush yearly abundance (Townsend et al. 2015) .
Our study contributes to a better understanding of the breeding habitat of Bicknell's thrushes. 
Variables Description Vegetation
Tree species / 100 m Tree species dominating the stand within 100 m radius ( D r a f t D r a f t 
